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Inkjet-printed Ag electrodes on paper for high sensitivity 
impedance measurements  
Hanbin Ma
a
, Yang Su
a
, Chen Jiang
a
 and Arokia Nathan
a 
Low-cost electrodes were fabricated by standard office inkjet printer with commercial silver ink on glossy paper. 
Compared to conventional thin-film metal thermal evaporated gold electrodes, the paper-based ones show a two-order 
enhanced sensitivity for impedance measurement over low frequency range. The high surface roughness of paper 
electrodes increases the effective area of the electrolyte-electrode double layer capacitance, and therefore reduces the 
measured impedance at low frequency range. A passivation layer on the top of the paper electrodes is used to mimic the 
behaviour of the double layer capacitance. The surface roughness was characterized by optical microscope and atomic 
force microscopy. Finite element analysis and impedance equivalent model analysis were also performed for different 
thin-film electrode devices. 
 
1 Introduction 
Paper as a low-cost substrate has been widely used for 
disposable point-of-care diagnostic devices, and most of the 
advanced works have been summarised and compared in 
recent review papers
1–4
. Dedicated detection methods have 
also been developed, and these cover both optical-based 
techniques (fluorescent or colorimetric)
5,6
 and electrochemical 
methods
7–9
.  
For all electrochemical methods, electrodes play a significant 
role as an interface between sensing system and analyte. 
There are a variety of fabrication techniques available to 
support different electrode material deposition and 
patterning. For example, vacuum-based thin-film deposition 
techniques (e.g. thermal/e-beam evaporation and metal 
sputtering) are the most reliable methods which provide 
access to noble metals e.g. gold and platinum, and they are 
used for most high-end applications
10–12
. On the other hand, 
printing techniques, such as screen and/or stencil printing, are 
more suitable for low-cost devices
1,3
. The frist carbon 
electrodes were screen-printed on paper for electrochemical 
detection by Dungchai et al.
7
 in 2009. More materials, e.g. 
Ag/AgCl
13,14
, CNT
15
 and graphene
16
, have become available for 
printing on paper via this technique. Ink-jet printing, using 
liquid phase conductive ink to replace the pastes in 
screen/stencil printing, is a promising technique that provides 
a “pattern on demand” feature
17
. However, the process 
requires printers normally equipped with sophisticated 
accessories, such as precise volume controlled nozzle and 
dedicated driving electronics. In addition, the ink composition 
and conductive particle selection also need to be carefully 
designed to increase the material printability
18,19
. In recent 
years, office inkjet printers compatible silver inks have been 
developed for fast circuit prototyping. Commercial suppliers 
(e.g. AgIC in this work) provide silver cartridges which enable 
regular office inkjet printer to print conductive silver tracks on 
glossy paper directly. This technique reduces the cost of inkjet 
printing significantly, and therefore can be utilised as an 
enabling technique for fabrication of disposable sensors.    
In this work, we demonstrate the first time the possible use of 
office inkjet printing of silver electrodes on paper as ultra-
sensitive electrodes for impedance measurement.  
Impedance-based sensors, detecting and measuring samples-
under-tests response under AC signals, have been gaining 
popularity for biological sensing in recent years
20
. These 
sensors are now widely applied in detections of various scales, 
e.g. DNA
21–23
, proteins
24,25
, cells
26,27
 and bacteria
28
. For 
impedance-based measurements, an electrode-electrolyte double 
layer will be formed at the electrode surface, and this double layer 
capacitance behaves as a parasitic component to reduce the 
sensitivity
29
. In some measurements, it is also known as electrode 
polarisations, which significantly reduce sensing capability at low 
frequency (typically below 1 kHz). In recent years, novel-material-
based electrodes with unique surface properties have been 
developed which could potentially address this problem, e.g. 
graphene, graphene related materials
30–32
 and nanowires
33,34
. 
However, one of the major concerns about nanomaterials for  
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Fig. 1 (a) Schematic diagram of impedance measurement setup, thin-film 
electrodes with a customized impedance measurement system, (b) 3D view 
of the FEA simulation model, (c) topview of the model with dimensions. 
 
 
electrodes is the cost, since most of nanomaterial fabrication and 
pattern involve expensive equipment and dedicated lab 
environments. In addition, high temperature and aggressive 
chemicals may also be involved, making most of these modified 
electrodes incompatible with cheap substrates, e.g. plastic and 
paper. 
In this work, low-cost paper-based electrodes were applied to 
impedance measurements. The low-cost devices were directly 
printed by a standard office inkjet printer with commercial silver ink 
on glossy paper. As a control experiment, a group of printed 
electrodes was passivated with a layer of SiNx to mimic the 
electrode-electrolyte double layer. Saline measurements were 
performed with both non-passivated and passivated Ag electrodes. 
Thin-film gold electrodes fabricated by conventional techniques 
were also used as a standard reference. From both saline 
measurements and simulation, the printed electrodes show an 
enhanced sensitivity over conventional thin-film gold electrodes.  
2 Experimental 
2.1 Electrode design and fabrication 
2.1.1 Gold electrodes. Cr/Au (10 nm/90 nm) double layer metal 
films were deposited on glass substrate (Borofloat 33 glass 
from University Wafer) with a Lesker e-beam evaporator. Two 
300 µm-width and 300 µm-separated electrodes were 
patterned with standard photolithography and lift-off methods 
with a film mask (JD Photo Data, UK). The gold electrodes are 
used as a reference for the contact and contactless inkjet-
printed silver electrodes.  
 
 
2.1.2 Inkjet-printed silver electrodes.  300 µm-width and 300 
µm-separated electrodes patterns were designed with 
Microsoft Office Visio. Although one of the biggest features in 
inkjet printing is “pattern on demand”, only parallel 
rectangular electrodes were printed in this work in order to 
match the dimension of the gold electrodes patterned via 
photolithography which were used as a reference. The 
electrodes were directly printed on HP advanced glossy photo 
paper with a Brother MFC-J6510DW office-used inkjet printer. 
All the colour cartridges were replaced with conductive silver 
ink from AgIC Inc. All designs were printed at A4 size and then 
cut into smaller pieces for measurements. One batch of 
printed electrodes was directly used to perform contact 
impedance measurement. 
2.1.3 Inkjet-printed silver electrodes with passivation. One batch 
of printed silver electrodes was passivated with 200 nm SiNx as 
an insulation layer to perform contactless impedance 
measurement. The insulation layer used here was to 
manipulate the electrode-electrolyte capacitance. The SiNx 
layer was deposited with a cluster PECVD system (MVSystems 
LLC) at 150 °C substrate temperature.  
 
 
 
 
Fig. 2 (a) Cole-Cole pot of the measured impedance with different NaCl 
concentration using gold electrodes, (b) Cole-Cole pot of the measured 
impedance using non-passivated siliver electrodes, (c) Cole-Cole pot of the 
measured impedance using passivated electrodes, (d) merged results of all 
measurements. 
 
Page 2 of 8RSC Advances
R
S
C
A
dv
an
ce
s
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
31
 A
ug
us
t 2
01
6.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f C
am
br
id
ge
 o
n 
01
/0
9/
20
16
 1
6:
19
:0
1.
 
View Article Online
DOI: 10.1039/C6RA18645A
Journal Name  ARTICLE 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 
Please do not adjust margins 
Please do not adjust margins 
2.2 Sodium chloride concentration measurements 
Three groups of sodium chloride (NaCl) solution with different 
concentrations were prepared for the impedance 
measurements as shown in ESI table 1. The NaCl powder was 
purchased from Sigma-Aldrich (S7653). Deionised (DI) water 
from Sigma-Aldrich (38796) was used with conductivity lower 
than 4.3 µS/cm. 2.5 g of NaCl powder was dissolved in 1 L of DI 
water to prepare a stock solution at a concentration of 2.5 
mg/ml. The stock solution was diluted with DI water by 1:1 
yielding a concentration of 1.25 mg/ml, and further diluted for 
concentrations of 0.625 mg/ml and 0.312 mg/ml. 80 µl of each 
sample was used for each impedance measurements. As 
shown in Fig. 1a, all electrodes were surrounded by a PDMS 
ring to contain the electrolyte, and they were connected to an 
customized impedance measurement system
35
. An AC signal 
with the amplitude of 100 mV was used with the frequencies 
ranging from 10 Hz to 10 MHz. The measurement results were 
analysed and fitted with equivalent circuit models. All the data 
was fitted by ZView
®
, supplied by Scribner Associated Inc. 
 
2.3 Finite element analysis 
Finite element analysis (FEA) of the contact and contactless 
electrode systems was performed using COMSOL Multiphysics 
AC/DC package. A 3-dimensional model (as shown in Fig. 1b) 
was synthesised based on the specifications of the fabricated 
electrodes. Fig. 1c is the top view of the model, and the 
electrodes design is consistent with the dimensions of the 
fabricated electrodes. The model consists of an insulated 
substrate, conductive electrodes and electrolyte. For the 
contactless simulation, a thin dielectric layer was also inserted 
between electrodes and the electrolyte. The detailed 
simulation setup has been reported previously
36,37
.    
 
2.4 Cell constant analysis 
The cell constant κ (cm
-1
) was used in this study to evaluate 
the sensitivities of different electrodes. It can be calculated 
as
37
: 
  || ∙  	 
 ∙  ∙            (1) 
where |Z| represents the magnitude of measured impedance, 
σ (mS/cm) is the conductivity of the electrolyte, ω is the 
angular frequency, ε0 is the vacuum permittivity and εr the 
relative permittivity of the electrolyte.  
 
 
 
Fig. 3 (a) Schematics of impedance measurement with non-passivated electrodes, Cdl is the electrode-electrolyte double layer capacitance, Rs is the solution 
resistance and Cs is the solution capacitance; (b) simplified equivalent circuit model for non-passivated impedance measurement; (c) Bode plot of non-
passivated Ag electrode measured and model fitted results by equivalent model in (b); (d) schematics of impedance measurement with passivated 
electrodes, the insulator capacitance Ci is used to replace the Cdl, warburg element Wi is used; (e) simplified equivalent circuit model for passivated 
impedance measurement; (f) Bode plot of passivated Ag electrode measured and model  fitted results by equivalent model in (e).
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3 Results and discussion 
3.1 Sodium chloride concentration measurements 
Three different concentrated NaCl solutions were measured by 
all three groups of electrodes. The Cole-Cole plots of the 
impedance measurements for Au, non-passivated and 
passivated Ag electrodes are shown as Fig. 2a, b and c.  For Au 
electrodes (Fig. 2a) and non-passivated Ag electrodes (Fig. 2.b) 
measurements, higher concentration solution (data in blue) 
always shows lower impedance due to the higher solution 
conductivity. However, the passivated Ag electrodes (Fig. 2.c) 
measurements do not agree with the non-passivated  
ones, indicating that the sample solutions were out of the 
sensitive region for the passivated Ag at part of the stimulus 
frequency. Figure 2d and e illustrate the Bode plot of all nine 
measurements. For Au electrodes, the constant slope at low 
frequency range (10 Hz to 10 kHz) for all three concentrations 
indicates the electrode-electrolyte double layer capacitance. 
As the measurement frequency increases, the influence of 
double layer capacitance reduces, and the magnitudes of 
impedance become independent of the stimulus frequency. 
The cut-off frequency () is defined as
38
: 
 

∙∙∙
              (2) 
where Rs is the solution resistance and the Cdl is the double 
layer capacitance. At the region ranging from 10 kHz to 5 MHz, 
the impedance magnitudes are distributed evenly according to 
the solution resistances. For the non-passivated Ag electrodes, 
the impedance magnitudes are independent of all measured 
frequencies. At lower frequencies (below 10 kHz), no clear 
capacitive behaviour is observed, and the phase elements (Fig. 
2e) are staying nearly zero degree. The rough surface of the 
printed silver electrodes increases the effective electrode area 
significantly, and therefore the electrode-electrolyte double 
layer capacitance is increased. The cut-off frequency for non-
passivated electrodes is lower than the minimum measured 
frequency (10 Hz) in this work. Above the Au electrode cut-off 
frequency (10 kHz), the measured impedance magnitudes are 
merged together with each saline concentration, reflecting the 
solution resistance (Rs).     
For the passivated Ag electrodes, the electrolyte does not 
directly contact with the electrodes, and there is a layer of 
insulator performed as a dielectric layer. Therefore, the 
double-layer capacitance Cdl is replaced by the insulator 
capacitance Ci. In this work, a 200-nm SiNx was used as the 
insulator, and the Ci is much smaller than Cdl in Au electrode 
since 200 nm is much greater than the typical dimension of the 
double layer. As a result, the cut-off frequency for passivated-
Ag electrodes (Fig. 2.d) is much higher than that of Au 
electrodes. 
3.2 Equivalent circuit fitting  
Equivalent circuit models are used to further investigate the 
saline impedance results and validate the effects on double 
layer/insulator capacitances. As shown in Fig. 3a, a non-
passivated impedance measurement model is presented, 
where Cdl is the double layer capacitance at both electrodes, Rs 
and Cs are the solution resistance and capacitance, 
respectively. Fig. 3b is the simplified model, which was used to 
fit all the non-passivated electrode measurements. Fig. 3c 
shows both the measured and modelled results of non-
passivated Ag electrode in a Bode plot. Impedance magnitude 
and phase angle are all highly matched from 10 Hz to 10 MHz. 
Similar to the non-passivate ones, Fig. 3d shows the schematic 
of the model of passivated impedance measurement. Since 
glossy papers were used as the substrates and inkjet-printed 
Ag was used as the electrodes, the surface was too rough for 
the subsequence PECVD process to form an ideal insulation 
layer. Insulator capacitance (Ci) is paralleled with a Warburg 
element (Wi) to simulate the non-ideal interface and the 
dielectric leakage current induced resistance. 
 
 
 
Fig. 4 FEA simulation results for non-passivated and passivated electrode 
arrangements. Cross-section electric potential distribution of the (a) non-
passivated and (b) passivated electrode systems. The colour bar dnotes the 
potential strength in V.  (c) Normalised polarisation over the interface.   
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Fig. 3e and f show the simplified equivalent circuit and the 
model fitted results. The fitting agreed with the measurement 
results over all frequencies. As shown in ESI Table 2, model 
extracted solution resistance (Rs) are consistent for all three 
groups of electrodes with the same sample concentration. 
Complete equivalent fitting results and parameters can be 
found in ESI Fig. 1-3. 
 
3.3 FEA simulation 
For impedance measurements, a source current was injected 
between the electrodes, leading to an electric field in the 
electrolyte. The electric potential distribution will affect the 
measurement results between different electrode setups. 
Therefore, it is important to understand the effect of the 
passivation layer on electric potential distribution to evaluate the 
electrode performance. Fig. 4a and b depict the potential 
distributions of non-passivated and passivated electrodes setup 
with 0.31 mg/ml NaCl solution. From the colour map and equal-
potential lines, the two systems show identical results.  Fig. 4c 
shows the normalized polarization at the interface. For the non-
passivated model, the interface was defined as the top layer of the 
electrode, and the distance between the interface and the driving 
electrodes is zero. On the other hand, the passivated model defined 
the interface as the top of the insulation layer, and the gap 
between the interface and the electrodes is 200 nm. This difference 
causes the slight polarization mismatch as shown in Fig. 4c.   
 
 
 
Fig. 5 Optical microscope images of (a) Au, (c) non-passivated Ag and (e) 
passivated Ag electrode surfaces; the scale bar is 50 µm. AFM images of (b) 
Au, (d) non-passivated Ag and (f) passivated Ag electrode surfaces over a 10 
µm by 10 µm area. 
Fig. 6 Measured cell constants of Au, non-passivated and passivated Ag 
electrode systems. Errorbar shows the standard deviation over three 
different concentrated NaCl samples as a function of frequency. 
 
3.4 Surface roughness 
As discussed in section 3.1, the electrode surface roughness is the 
main reason for the increased double layer capacitance in non-
passivated Ag electrodes. Figure 5.a shows an optical microscope 
image of the Au electrode surface, and Fig. 5.b is an AFM image 
over a 10 µm × 10 µm square. Vacuum deposition techniques 
normally give a very good film quality, and the RMS of this Au 
surface is only 0.8 nm. For the non-passivated Ag electrode, silver 
nanoparticles were directly inkjeted onto the substrate, and no 
post-annealing was applied. Ink droplets formed grains overlapped 
together, and the grain size as observed in Fig. 5c is about 50 µm. 
The AFM image (Fig. 5d) shows the surface roughness within one 
grain with 46.5 nm RMS. After passivated with SiNx at 150 °C, the 
printed Ag was further sintered, and the grain size (Fig. 5e) was 
slightly increased. The AFM image of the insulator on the top of one 
grain is shown as Fig. 5f, and the RMS is approximately 26.4 nm.    
 
3.5 Cell constant and sensitivity 
The cell constant (as expressed in Eqn. 1) of an impedance sensor, is 
defined as the ratio of the measured impedance and the specific 
impedance of sample solution. It is an effective parameter to 
evaluate the electrode performance.  In general, smaller cell 
constant indicate the sensor is more sensitive to the analyte. 
Based on Eqn. 1 and parameters listed in ESI table 1, frequency-
dependent complex domain cell constants of Au, non-passivated 
and passivated Ag electrodes were calculated. For each electrode 
system at a certain frequency, the mean cell constant value of three 
NaCl concentrations is plotted in Fig. 6 with the standard deviation 
as the error bar. The cut-off frequency of different electrodes is also 
reflected in this cell constant plot. For Au and passivated Ag 
electrodes, the cell constants reduce as the stimulus frequency 
increases, and it becomes frequency-independent after the cut-off 
point. Similar to the impedance Bode plot as shown in Fig. 2d, the 
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cut-off frequency of the non-passivated Ag is not observed in the 
measurement frequency range. The non-passivated Ag electrode 
cell constant remains at the lowest level from 10 Hz to 10 MHz. This 
reflects almost two-order sensitivity enhancement at 10 Hz. On the 
other hand, for the passivated Ag electrode, the electrode-
electrolyte capacitance is artificially increased by an insulation 
layer. As a result the cell constant is more than an order of 
magnitude greater than that of the reference Au electrodes. This 
also explains why this electrode system is unlikely to be sensitive to 
any analyte in the lower frequency range, since the electrical 
double layer induced by the dielectric layer dominates the 
impedance measurement. 
From the cell constant analysis, it is clear that a rough electrode 
surface produced by an office inkjet printer contributes to the 
reduction of electrode-electrolyte double layer impedance, thereby 
reducing the cell constant. Apart from electrode geometry 
optimization
39,40
 and special measurement arrangement
37,41
,  
electrode surface engineering can be considered as an alternative 
method to enhance the impedance sensing capability. 
Conclusions 
In this paper, low-cost electrodes were fabricated by a 
standard office inkjet printer with silver ink. This technique 
provides a ‘pattern on demand’ feature for electrodes 
fabrication, while significantly reduces the cost compared to 
lab-used material inkjet printer. In addition, the surface 
roughness of the printed silver electrodes is much higher 
compared to conventional thin-film gold electrodes; which 
significantly reduces electrode-electrolyte double layer 
impedance. It therefore  leads to a reduced cell constant and a 
two-order sensitivity enhancement at 10 Hz. A separate 
experiment using passivated Ag electrode with SiNx dielectric 
layer validate the theory that cell constant can be manipulated 
by controlling the electro-electrolyte double layer. 
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